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Plasmodium falciparum and Toxoplasma gondii are
obligate intracellular apicomplexan parasites that
rapidly invade and extensively modify host cells.
Protein phosphorylation is one mechanism by which
these parasites can control such processes. Here we
present a phosphoproteome analysis of peptides
enriched from schizont stage P. falciparum and
T. gondii tachyzoites that are either ‘‘intracellular’’
or purified away from host material. Using liquid
chromatography-tandem mass spectrometry, we
identified over 5,000 and 10,000 previously unknown
phosphorylation sites in P. falciparum and T. gondii,
respectively, revealing that protein phosphorylation
is an extensively used regulation mechanism both
within and beyond parasite boundaries. Unexpect-
edly, both parasites have phosphorylated tyrosines,
and P. falciparum has unusual phosphorylation
motifs that are apparently shaped by its A:T-rich
genome. This data set provides important infor-
mation on the role of phosphorylation in the host-
pathogen interaction and clues to the evolutionary
forces operating on protein phosphorylation motifs
in both parasites.
INTRODUCTION
The intracellular apicomplexan parasite Plasmodium falciparum,
the causative agent of malaria, and Toxoplasma gondii, the caus-
ative agent of toxoplasmosis, rely on specialized pathways to
enter, live within, and leave a host cell. Host cell invasion is a
rapid process that entails complex signaling events within the
parasite. Oncewithin a host cell, the parasites residewithin a par-
asitophorous vacuole (PV) that is extensively modified, likely for
the acquisition of nutrients and evasion of the host’s immune
response. All of these processes are driven by parasite proteins,
many of which are stored within specialized organelles, the rhop-
tries (ROPs), micronemes, and dense granules. Secretion of
these organelles during exit from the old cell and invasion of
a new cell is highly regulated and apparently conserved between410 Cell Host & Microbe 10, 410–419, October 20, 2011 ª2011 Elsevthe two organisms (Boothroyd and Dubremetz, 2008; Cowman
and Crabb, 2006).
While the detailed mechanisms underlying this regulation are
not yet known, mounting evidence implicates phosphorylation
as critical to these events. For example, protein kinases such
as protein kinase A (PKA), protein kinase G (PKG), calcium-
dependent protein kinases (CDPKs), and ROPs injected into the
host cell have been shown to be critical in invasion, host cell
remodeling, and/or host cell manipulation (Billker et al., 2009;
Dvorin et al., 2010; Fentress et al., 2010; Leykauf et al., 2010;
Louridoet al., 2010;Moonet al., 2009;Saeij et al., 2006;Steinfeldt
et al., 2010; Sugi et al., 2010; Tewari et al., 2010). Despite their
importance, however, we know little about how parasite kinases
and their targets are dynamically regulated and which proteins
theyphosphorylate, eitherwithin or beyond theparasite’s bound-
aries. Phosphorylation of someparasite proteins hasbeenshown
to be essential for survival (Green et al., 2008; Joyce et al., 2010;
Leykauf et al., 2010; Treeck et al., 2009; Zhang et al., 2010), and
the identification of three Toxoplasma proteins (ROP2, ROP4,
GRA7) that are phosphorylated after injection into the host cell
(Careyet al., 2004;Dunnet al., 2008) further implicates phosphor-
ylation asapossiblemeans for regulation after secretion. Todate,
however, only a few phosphorylated parasite proteins have been
described, and the exact localization of the phosphorylated
residues is generally not known. As a result, targeted approaches
to understand the importance of phosphorylation for the para-
sites have largely been precluded.
Recent advances in phosphopeptide enrichment followed
by liquid chromatography-tandem mass spectrometry (LC-MS/
MS) have enabled systems-level studies of proteins regulated
by phosphorylation and allowed detailed analysis of the phos-
phoproteomes of many uni- andmulticellular organisms (Boden-
miller et al., 2007; Ville´n andGygi, 2008). We have used this tech-
nology and performed phosphopeptide enrichment starting with
P. falciparum schizont stages and tachyzoites of T. gondii that
are either ‘‘intracellular’’ (i.e., still within the host cell) or that
have been purified away from host material. We report here an
extensive inventory of phosphorylation sites in these parasites,
including the identification of phosphorylated tyrosines as
well as a method to predict phosphorylation events that occur
beyond the parasites’ boundaries. This data set will help further
our understanding of the role of phosphorylation in host-path-
ogen interactions and our ability to target protein modifications
to inhibit infection.ier Inc.
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Identification of Phosphorylation Sites from
P. falciparum Schizont Stages and T. gondii Tachyzoites
To perform a comparative analysis of the phosphoproteome
of Plasmodium and Toxoplasma asexual forms, we chose to
analyze P. falciparum schizonts (40 ± 8 hr postinfection [hpi])
and T. gondii tachyzoite stages just prior to egress (28 hpi).
These stages were chosen because: (1) they represent the
fast-growing forms of each parasite; (2) they are responsible
for much of the pathogenesis associated with the infections;
(3) they are fully or near fully developed and so contain most, if
not all, of the proteins needed for efficient host cell invasion;
and (4) they grow intracellularly, enabling us to also collect para-
site proteins that have been introduced into the host cells.
Because of the potential importance of the latter class of pro-
teins, we divided tachyzoite-infected cultures into one sample
where the parasites were first separated away from the host
cell material (‘‘purified’’) and another in which the entire infected
host cell was used (‘‘intracellular’’). The purified parasites are
fully viable and invasion competent and represent the form
used by many investigators as a starting point for studies on
invasion and pathogenesis. In addition to enabling us to tenta-
tively identify parasite proteins that are phosphorylated within
the host cell, the purified fraction also had the benefit of
removing the excess of host proteins that otherwise decreased
the sensitivity of our analyses (Figure 1A).
To prepare the P. falciparum samples, schizont-containing red
blood cells (RBCs) were purified away from uninfected cells
using the magnetic properties of hemozoin, which accumulates
in this life cycle stage. Visual inspection of Giemsa-stained para-
sites showed >95% late trophozoite/schizont stages, <1%
gametocytes, <3% merozoites, and <1% uninfected RBCs.
Phosphopeptides and nonphosphorylated peptides were
preliminarily separated by strong cation exchange (SCX) chro-
matography (Figure 1B), enriched by immobilized metal affinity
chromatography (IMAC) (Ville´n and Gygi, 2008), and analyzed
by LC-MS/MS on a LTQ-Velos Orbitrap. Peptide identification
was performed using SEQUEST (Eng et al., 1994). Phosphoryla-
tion site localization was performed using the Ascore algorithm
(Beausoleil et al., 2006), which scores the relative likelihood
that a given phosphorylation site was correctly assigned versus
a neighboring candidate site. A site is described as confidently
localized in this study if it was assigned an Ascore of 19 or higher,
corresponding to a 99% relative likelihood of correct phosphate
localization. All identified peptides, phosphorylation sites, the
associated Ascore, and other scores used for data filtering can
be found in Tables S1 and S2.
P. falciparum and T. gondii Possess a Complex
Phosphoproteome, Including Phosphorylation
of Tyrosines
All data sets in this study were filtered for a peptide false
discovery rate (FDR) of <1% and a protein FDR of <3% using
the target-decoy method (Elias and Gygi, 2007), which resulted
in the data sets presented in Figure 1C. Importantly, filtering
was also performed on the phosphorylation site level (that is,
we calculated the FDR separately for all phosphoserine (pS),
phosphothreonine (pT), and phosphotyrosine (pY) residues) toCell Hosta site FDR of <1% as we observed a higher number of decoy-
database hits for pY (27.7%) than in pS (5.4%) and pT (13.8%)
in the unfiltered data sets. By treating the phosphorylated
residue separately, we could greatly increase the sensitivity of
the data set as a whole while maintaining highly stringent filtering
criteria.
For P. falciparum, we identified 7,835 phosphopeptides with
8,463 phosphorylation sites that matched to 1,673 proteins.
For the ‘‘intracellular’’ Toxoplasma samples (i.e., tachyzoites
and their associated host cells), we could identify 11,822 phos-
phopeptides with 12,793 phosphorylation sites matching to
2,793 proteins. We observed almost a 2-fold increase of identi-
fied parasite phosphopeptides in the purified tachyzoite samples
(21,498), with 24,298 phosphorylation sites matching to 3,506
Toxoplasma phosphoproteins (for a complete list of the identified
phosphorylation sites, see Table S1). We also analyzed the flow-
through material containing predominantly nonphosphorylated
peptides and identified 1,964 P. falciparum proteins (10,408
peptides), 2,971 Toxoplasma proteins in intracellular tachyzoites
(15,456 peptides), and 4,395 proteins in purified tachyzoites
(30,563 peptides) (see Table S2). Since we did not generate
data from uninfected host cells, their phosphoproteomes will
not be further discussed here.
Considering the relative frequency of localized pS, pT, and
pY, our data recapitulate observations made from other organ-
isms: from all sites with an Ascore R19 (Figure 1D), we found
that pS was the most abundant phosphorylated residue, fol-
lowed by pT. pY, on the other hand, represented a much smaller
fraction of the detected phosphorylation sites (0.51%, 0.25%,
and 0.24% for P. falciparum, ‘‘intracellular’’ T. gondii, and ‘‘puri-
fied’’ T. gondii, respectively). The fact that pY is less abundant
than pT or pS is not unexpected, but the values are considerably
less than seen in other organisms, where pY is typically 1%–
4% of all phosphorylated residues without specific enrichment
of pY (Huttlin et al., 2010; Tan et al., 2009). To determine if these
measured differences reflect a biological reality, the result of
excessive filtering, or other technical artifacts, we analyzed the
pY content of human proteins in the intracellular tachyzoite
sample. The results showed that 1.2% of the total phosphor-
ylation sites in the human proteins with an Ascore >19 were
pY (data not shown). This is close to previously published esti-
mates indicating that the lower percentages in the parasites
are real.
Given the absence of recognizable genes encoding tyrosine-
specific kinases in both parasite genomes (and an absence of
apparent tyrosine-specific phosphatases in P. falciparum [Peix-
oto et al., 2010; Tewari et al., 2010; Ward et al., 2004; Wilkes and
Doerig, 2008]), the presence of any pY is an important finding.
Tyrosine phosphorylation is often involved in critical signaling
pathways such as the MAP kinase pathway (Lim and Pawson,
2010; Mok et al., 2010; Tan et al., 2009).
Because of both the importance of this finding and their small
number, we examined individual pY sites in detail. Several were
in the expected positions in highly conserved proteins involved in
signaling and metabolic processes (e.g., GSK-3, DYRK-kinase,
MAP-kinase), strongly suggesting they were correctly identified
as pYs. In addition, manual inspection of a subset of the MS/
MS spectra from all 67 pY-containing peptides indicated that
at least 15 (five from P. falciparum and ten from T. gondii)& Microbe 10, 410–419, October 20, 2011 ª2011 Elsevier Inc. 411
Figure 1. Generation of Phosphoproteome and
Proteome Data of P. falciparum and T. gondii Para-
sites
(A) Details on the generation of protein samples of intra-
cellular P. falciparum and Toxoplasma parasites and
Toxoplasma parasites purified from host cell material.
(B) Protein samples from (A) were digested with trypsin
and fractionated on a SCX (strong cation exchange) col-
umn followed by enrichment of phosphopeptides and
peptides using IMAC beads in StageTips. The resulting
phosphopeptide samples and flowthrough samples were
analyzed on an LTQ-Velos Orbitrap mass spectrometer.
Spectra were identified using SEQUEST, and the resulting
data were filtered using the target-decoy strategy to obtain
false discovery rates (FDR) <1% on the peptide level
and <3% on the protein level. Ascore was used for the
assessment of phosphorylation site localization. Phos-
phorylation sites with an Ascore of 19 or higher are called
‘‘localized.’’
(C) Table showing the total number of phosphopeptides
and peptides identified, the total number of phosphoryla-
tion sites identified (before Ascore filtering), and the
number of corresponding proteins and phosphoproteins
to which these map.
(D) Distribution and number of localized phosphoryla-
tion sites. The number of identified phosphoserine (pS),
phosphothreonine (pT), and phosphotyrosine (pY) sites
are given along with their percentage of the total phos-
phosites identified for each of the three phosphoproteome
data sets. Only phosphorylation sites with an AscoreR19
were counted.
(E) Structural characterization of phosphorylation sites.
Left graph: all identified phosphorylation sites (Pf.Phos and
Tg.Phos) and all nonphosphorylated sites (Pf.NonPhos
and Tg.NonPhos) from all identified proteins were ana-
lyzed using PSIPRED and VSL2, and the number located
in predicted regions of disorder or order were plotted.
Right graph: results of a secondary structure prediction
for regions containing phosphorylated and nonphos-
phorylated residues. Only phosphorylation sites with an
AscoreR19 were counted. See also Figure S1 and Tables
S1 and S2.
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matched the theoretical fragmentation pattern for the pY peptide
substantially better than the theoretical fragmentation pattern of
a peptide in which an alternative residue was phosphorylated412 Cell Host & Microbe 10, 410–419, October 20, 2011 ª2011 Elsevier Inc.(e.g., a phosphoserine or phosphothreonine;
see Table S1 and Figure S1 for a representative
spectrum).
It is well established that phosphorylation
sites are often enriched in regions of disorder
and, within these, in secondary structures
predicted to be in coils (Huttlin et al., 2010; Ia-
koucheva et al., 2004). We thus analyzed all
phosphorylation sites with high-confidence lo-
calization scores and all nonphosphorylated
S, T, or Y residues of all proteins identified in
this study for the predicted secondary structure
in the local region containing them. As observed
in other organisms (Dunker et al., 2002; Huttlin
et al., 2010; Iakoucheva et al., 2004; Jime´nezet al., 2007), we found phosphorylation sites are preferentially
found in regions of disorder and, to a lesser degree, appear
somewhat enriched in secondary structures classified as coils
(Figure 1E).
Figure 2. Comparative Analysis of Phosphorylation Sites
(A) Amino acid frequencies in the 12 residues (6 N-terminal and 6 C-terminal)
surrounding each phosphoserine and phosphothreonine residue identified in
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Cell HostOpposing Evolutionary Forces Appear to Operate on
Phosphorylation Sites in P. falciparum
The data sets described here enabled us to identify parasite-
specific phosphorylation motifs. To do this, we compared the
amino acid sequences surrounding P. falciparum and T. gondii
phosphorylation sites (six amino acids N- and C-terminal of the
phosphorylated residue) to those found in the mouse (Huttlin
et al., 2010). The results showed a very distinct amino acid
context for P. falciparum (Figure 2A). Specifically, amino acids
encoded by A:T-rich codons (i.e., K, N, I, F, M, and Y) were over-
represented relative to phosphopeptides in the Toxoplasma or
murine data sets. A similar overrepresentation was previously
noted for the P. falciparum proteome as a whole (Gardner
et al., 2002) and has been presumed to reflect forces driving
the P. falciparum genome toward an overall A:T content of
80.6%.
To explore this trend further, we compared the amino
acid representation in the phospho-13-mers compared to all
13-mers, phosphorylated or not, containing a serine or threonine
residue from all proteins identified in this study (Figure 2B); for
a comparison to the whole predicted proteome, see Figures
S2A and S2B. Unlike T. gondii and M. musculus, there was no
tendency in P. falciparum for proline enrichment in the phopho-
13-mers and, similarly, essentially no depletion for the extremely
high asparagine content (14%). T. gondii and P. falciparum
both have a decrease of serine residues nearby the phosphory-
lation site that is not seen in themouse data. To visualize any bias
in the precise location of a given amino acid relative to the
phosphorylated residues, we generated position-specific in-
tensity maps for all three organisms (Figures 2C and S2C). In
P. falciparum, we observed a strong enrichment of proline in
the P + 1 position of both pS- and pT-containing peptides, remi-
niscent of classical proline-directed motifs, despite very lowthis study and in mouse (Huttlin et al., 2010). The central serine or threonine
was not counted. Only phosphorylation sites from P. falciparum and intracel-
lular T. gondii with an AscoreR19 were used for this analysis.
(B) Enrichment and depletion of amino acid frequencies around phosphoser-
ines and phosphothreonines (combined) using the 13-mer data sets described
in (A) compared to amino acid frequencies of nonphosphorylated serine/
threonine-containing 13-mers. A negative log2 score shows depletion of this
residue in the 12 amino acids surrounding a phosphorylation site, whereas
a positive log score shows enrichment.
(C) A position-specific intensity map of P. falciparum shows enrichment or
depletion of amino acids relative to the phosphorylated serine or threonine
compared to all nonphosphorylated serine or threonine residues of the data
sets in (B), above. The percentage frequency of a given amino acid in the set of
all phosphoserine- or phosphothreonine-containing 13-mers is indicated on
the right of the graph. Colors represent the log10 of the ratio of frequencies in
the respective phospho-13-mers versus nonphospho13-mers (red indicates
enrichment, gray indicates depletion). The table shows specific phosphory-
lation motifs identified in the P. falciparum phosphoproteome. A red S or T
indicates the phosphorylated residue; a red asterisk indicates a motif not
present in humans.
(D) Phosphorylation motif analysis. Phosphorylation motif analysis was per-
formed using the motif-x algorithm. All identified phosphorylation motifs were
classified as one of six phosphorylation motif categories (acidic-, basic-,
proline-, asparagine-, or hydrophobic-directed or other). Motifs were assigned
using binary decision tree: P in the +1 position (proline-directed), R/K in the3
position (basic), D/E in the +1 through +3 position, >2 D/E in the +1 through
+6position (acidic), F/I/L/M in the+1position (hydrophobic), orN in any specific
position over background (asparagine). See also Figure S2 and Table S3.
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asparagine (N) was enriched in the 2 and 1 positions in pT
peptides, we observed an additional enrichment of this amino
acid in the pS peptides in the +1 position. In Toxoplasma and
mouse (Figure S2C), asparagine appears to be tolerated or
slightly enriched in the 1 position but depleted in the +1 posi-
tion. Other amino acids enriched in a position-specific manner
in both parasites were, as seen in other eukaryotic phosphopro-
teomes, basic residues in the 3 position as well as acidic resi-
dues in the +1 through +3 positions in all data sets, arguing for
a strong conservation of basic and acidic kinase phosphoryla-
tion motifs.
We validated and refined the intensity map data by generation
of significant phosphorylation motifs (p < 0.000001), using the
motif-identification algorithm motif-x (Schwartz and Gygi,
2005) (Figure 2C; see Table S3 for further information on
P. falciparum- and Toxoplasma-specific motifs). As expected
from the position-specific intensity maps for P. falciparum, we
identified several motifs, including some that are unknown in
their human hosts. We divided all motifs into six broad classes:
acidic, basic, proline, hydrophobic, asparagine, and other (Fig-
ure 2D). We included hydrophobic and asparagine-directed
classes to account for the substantial number (10% in both
cases) of these motifs in P. falciparum. Proline-directed phos-
phorylation motifs are commonly among the most prevalent
phosphorylation motifs (30% in the mouse and >35% in
Toxoplasma tachyzoites). P. falciparum showed a strongly re-
duced number of proline-directed phosphorylation motifs
(5.6%) compared to Toxoplasma and mouse. Acidic and basic
phosphorylation site motifs were slightly enriched in both para-
sites; however, the number of motifs that could not be classified
as any of the three classical motifs (basic-, acidic-, and proline-
directed) was specifically increased in P. falciparum. We also
identified several hybrid motifs with acidic stretches in the P +1
through +6 positions and also R/K in the 3 position. We
searched the identified motifs against the human protein refer-
ence database that contains all currently known human phos-
phorylation motifs (http://www.hprd.org/PhosphoMotif_finder)
and identified 12 specific phosphorylation motifs from
P. falciparum that are not present in the human phosphopro-
teome (Figure 2C, red asterisk).
Assessment of Phosphorylation Status of Orthologous
Protein Groups
TheMSanalysis of phosphorylated peptides and the flowthrough
that predominantly contains nonphosphorylated proteins en-
abled us to determine whether phosphorylation is more common
in certain functional classes of parasite proteins. We identified
the fraction of proteins that are phosphorylated and associated
with the nucleus, surface, mitochondrion, apicoplast, inner-
membrane complex, ‘‘invasome’’ (a network potentially involved
in host cell invasion), ‘‘exportome’’ (proteins that are exported to
the host cell beyond the parasite boundaries in P. falciparum), or
dense granules and ROPs (which contain the ‘‘exportome’’ of
Toxoplasma, i.e., proteins exported into the PV and into the
host cell) (all shown in Table S4). To enable this analysis, we
determined the total inventory of detected proteins and phos-
phoproteins (see also Figure 1 andTablesS1andS2).Wedefined
the total proteome identified in this study as the pool of all iden-414 Cell Host & Microbe 10, 410–419, October 20, 2011 ª2011 Elsevtified proteins (i.e., the enriched phosphopeptides and the non-
phosphorylated flowthrough peptides) and analyzed the overlap
between this and the total predicted proteome (all proteins
predicted to be encoded by the entire genome of each parasite).
We identified a total of 47.3% of all predicted proteins in
P. falciparum. Within these identified proteins, 66.5%were iden-
tified as phosphoproteins. For T. gondii, we identified 50.9% of
the total predicted proteome, 63.9% of which were found to be
phosphorylated. These numbers are comparable to what was
found in a large-scale study of yeast (Olsen et al., 2010).
Analysis of the various functional classes of proteins from each
parasite revealed several to be overrepresented within the de-
tected proteome relative to all identified parasite proteins
(Figures 3A and 3B). This is not unexpected, as most of the
chosen groups comprise proteins with an important role in intra-
cellular development. In contrast, the P. falciparum exportome
and the surface proteins of Toxoplasmawere significantly under-
represented in the overall detected proteome, likely due to
stage- and/or variant-specific expression of these proteins:
a large proportion of the predicted exportome in P. falciparum
belongs to multigene families (e.g., rifins, var, stevor, phist),
many of which are expressed in a mutually exclusive manner.
In Toxoplasma, many of the proteins on the surface of the zoites
themselves are expressed exclusively in life cycle stages other
than tachyzoites (e.g., in bradyzoites or sporozoites [Jung
et al., 2004; Lyons et al., 2002]). In terms of representation within
the phosphoproteome, as opposed to the overall proteome, the
surface and mitochondrion were significantly underrepresented
in both parasites, as was the apicoplast in Toxoplasma and
maybe in P. falciparum where the result was just below the
threshold of significance. Conversely, we found a significantly
higher proportion of the ‘‘kinome’’ in both parasites’ phospho-
proteomes.We also foundmany proteins of the inner-membrane
complex and the invasome to be phosphorylated, although not
significantly overrepresented. These groups contain proteins
that potentially are highly regulated during parasite maturation
and invasion. Unfortunately, a large-scale computational com-
parison of the two phosphoproteomes to identify the most
important phosphorylation sites was not successful due to
the generally poor conservation between Plasmodium and
Toxoplasma proteins; only the most highly conserved proteins
yielded unambiguously orthologous phosphorylation sites, and
these did not reveal any new information not already evident
from the extreme conservation of these proteins.
The Parasite Plasma Membrane Is Not a Boundary
to Parasite Protein Phosphorylation
Toxoplasma and Plasmodium secrete proteins into the PV as
well as into the infected host cytoplasm where they can continue
on to other compartments (e.g., the nucleus or infected cell’s
surface for cells infected with Toxoplasma and Plasmodium,
respectively) (Crabb et al., 2010; Gilbert et al., 2007; Haase
and de Koning-Ward, 2010; Saeij et al., 2007; Spielmann and
Gilberger, 2010). Once within the PV or host cell, these proteins
fulfill a range of functions essential for parasite survival, including
active remodeling of the host cell. We found a large fraction of
the predicted ‘‘exportome’’ in both parasites is phosphorylated
(Figures 3A and 3B), suggesting that these proteins may be
subject to regulation after release.ier Inc.
Figure 3. Relative Representation of Func-
tional Protein Groups in the Detected Pro-
teome and Phosphoproteome
(A and B) All identified proteins and phosphopro-
teins were matched to selected functional groups
of proteins from P. falciparum (A) and intracellular
T. gondii (B) and analyzed for over- or underrep-
resentation in the total detected proteome and
phosphoproteome. The total number of predicted
proteins within each group is indicated (n = x). ‘‘*’’
indicates significant over- or underrepresentation
(brackets) within the total identified proteome (that
contains all phosphoproteins and nonphospho-
proteins) compared to the total predicted pro-
teome as indicated by the gray bars and plotted on
the left vertical axis. ‘‘**’’ indicates significant over-
or underrepresentation (brackets) of detected
phosphoproteins compared to the total proteome
detected in this study as indicated by the black
bars and plotted on the left vertical axis. Sig-
nificance was calculated using c2 and a p value <
0.05. See also Table S4.
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Toxoplasma are phosphorylated after release from the parasite,
we compared the phosphoproteome and proteome of ‘‘intracel-
lular’’ versus purified tachyzoites, the latter being where host
cells and secreted material have been removed by gel filtration.
In most cases, purification of tachyzoites away from host cell
material should increase parasite protein identification, because
of the substantial decrease in sample complexity. We found this
to be true, both in terms of the number of proteins detected (see
above) as well as in the average number of spectral counts per
protein, which were 1.9-fold (phosphoproteins) and 2.0-fold
(proteins) higher in the purified versus ‘‘intracellular’’ prepara-
tions (Figure 4A).
To identify candidate Toxoplasma proteins that are introduced
into and phosphorylated within the host, we looked for phospho-
proteins that, against the trend of a 1.9-fold increase, showed
a reduction of at least 2-fold in the number of spectral counts
in the purified versus ‘‘intracellular’’ parasite preparations. OfCell Host & Microbe 10, 410–419,123 phosphoproteins that emerged as
outliers (Figure 4B, red dots, and Table
S5), we found many proteins known to
be secreted into the host cell. We identi-
fied two of the three proteins previously
known to be phosphorylated in the
host cell (GRA7 and ROP2); the third
(ROP4) fell below the threshold necessary
for inclusion in this group (a minimum
number of five spectral counts was re-
quired in ‘‘intracellular’’ parasites). We
identified the nonphosphorylated forms
of most peptides of this outlier group
within the total, nonphosphorylated pro-
teome data set (93 nonphosphorylated
versions out of 123 phosphoproteins),
arguing against a general loss of these
proteins in the ‘‘purified’’ parasite sample
(Figure 4C).Signal peptides are a prerequisite for protein secretion into the
host cell. We found that only14% of all identified phosphopro-
teins in Toxoplasma contained a predicted signal peptide com-
pared to 22% of all predicted proteins, suggesting that most
phosphorylation events occur within the parasites’ cytosol (Fig-
ure 4D). In contrast, however,40% of proteins within the outlier
groupshowingdecreasedphosphorylation in the ‘‘purified’’ para-
site sample contained a predicted signal peptide. This group is
enriched in proteins that derive from the ROPs or dense granules
(GRAs), the two Toxoplasma subcellular organelles known to
export their contents into the PV and/or host cell. Our data
suggest these proteins may be phosphorylated within the PV or
cytosol of the infected host cell after release from the parasite.
DISCUSSION
We have generated large-scale phosphoproteomic data sets
for two related parasites, P. falciparum and T. gondii, greatlyOctober 20, 2011 ª2011 Elsevier Inc. 415
Figure 4. Identification of Proteins that Are Phosphorylated after
Host Cell Invasion
(A) Spectral counts of Toxoplasma nonphosphorylated peptides and phos-
phopeptides were pooled for each protein and compared between ‘‘intracel-
lular’’ samples (x axis; containing all parasite proteins including those injected/
exported into the host cell) and purified tachyzoites that have been largely
depleted of host cell material (y axis). For proteins that yielded no spectral
counts for phosphopeptides in the purified samples, a phantom count of 0.01
was given to allow inclusion in the logarithmically plotted graph. Each red dot
indicates a protein from which one or more phosphopeptides were identified.
Black dots represent proteins with no evidence of phosphorylation.
(B) As in (A), except only phosphoproteins are shown, and red dots indicate
outliers for which the number of spectral counts identified for phosphopep-
tides in the ‘‘intracellular’’ fraction was both a minimum of 5 in the ‘‘intracel-
lular’’ sample and >2-fold higher in the ‘‘intracellular’’ versus purified samples,
indicating proteins that are likely phosphorylated within the parasitophorous
vacuole or host cytosol.
(C) Change of abundance of phosphoproteome outliers in the nonphos-
phoproteome. As in (B), except spectral counts for nonphosphopeptides are
plotted.
(D) Enrichment for proteins with a predicted signal peptide in outlier phos-
phoproteins. The percentage of proteins with a predicted signal peptide is
plotted relative to the total number of proteins in each of four sets: the total
predicted proteome, the combined nonphosphorylated proteome detected in
this study, the combined phosphoproteome, and the 123 outlier phospho-
proteins described in (B) above. ‘‘**’’ indicates a statistically significant
difference between the outliers and the combined phosphoproteome sets.
Error bars represent ± SD. See also Table S5.
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previously known for obligate intracellular eukaryotes. The only
comparable study in a parasitic protist was performed on the
extracellular Trypanosoma brucei (Nett et al., 2009b), where
a much smaller number of sites were identified: 491 phospho-
proteins and 1,204 phosphorylation sites from an estimated total
proteome of 9,000 proteins. Methods for analyzing phospho-
proteomes have increased in sensitivity in recent years, and
the greater extent of observed phosphorylation described here
could reflect such advances rather than true biological differ-
ences between Apicomplexa and Trypanosoma. In the more
exhaustively studiedSaccharomyces cerevisiae,with apredicted
proteome size (6,000 proteins) similar to that of P. falciparum, a
total of 2,000 phosphoproteins (http://www.phosphopep.org)
were identified, further suggesting that the relatively small extent
of phosphorylation observed in Trypanosoma brucei was due to
technical limitations. Interestingly, the fraction of proteins that
are phosphorylated in P. falciparum and Toxoplasma (29%
and 43% of the predicted proteome and 63% and 68% of
the detected proteome, respectively) is well within the range
reported for multicellular eukaryotic organisms (Olsen et al.,
2010; Tan et al., 2009).
Weobserved that removinghost cell proteins fromToxoplasma
samples greatly increased the identification of parasite peptides
and phosphopeptides. This suggests that our P. falciparum find-
ings are likely to be an underestimate of the total phosphopro-
teome in this organism.
The observed numbers and localization of phosphorylated
amino acids within the predicted disordered regions of proteins
was largely as expected; however, the presence of pYs in our
data sets was not a certain outcome given the absence of genes
for known or predicted tyrosine kinases in both parasites’ier Inc.
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2004). Among the pYs, we found sites conserved in the ortholo-
gous proteins of eukaryotes ranging from trypanosomes to hu-
mans (Nett et al., 2009a; Tan et al., 2009). DYRK kinases and
GSK-3 have been shown to be able to autophosphorylate at
the critical residue, and BLAST searches identified MAPK15
(ERK7) as the human protein that is most closely related to the
tyrosine-phosphorylated MAPKs found in this study (PF11_0086
and TGGT1_114510, respectively). In other systems, MAPKs
are typically phosphorylated by an upstream MAPK kinase, but
HsMAPK15 has been shown to be capable of autophosphoryla-
tion of the essential activation loop tyrosine in vitro (Abe et al.,
2001). These results leave open the possibility that a substantial
number of pYs in signaling pathways in the parasites derive
from autophosphorylation events. Other pY sites in kinase-
unrelated proteins, however, indicate the presence of tyrosine
phosphorylation per se. Studies such as those described here
help provide the evidence and motivation to explore these key
pathways further. If the parasites’ tyrosine kinases are clearly
distinct from the host’s enzymes, these might be exploited as
targets for highly specific kinase inhibitors. Interestingly, at least
one secreted kinase in Toxoplasma has been shown to be
capable of tyrosine phosphorylation of host cell proteins (Ong
et al., 2010; Yamamoto et al., 2009).
The extremely A:T-rich P. falciparum genome results in an
unusual amino acid composition in its proteome, prompting us
to investigate whether this parasite might have distinct phos-
phorylation motifs. Our analysis provided evidence that phos-
phorylation within P. falciparum exploits motifs that are distinct
from those used by Toxoplasma and mammals to direct kinase
specificity. These changes are likely due to the A:T richness,
and whatever the force that has driven P. falciparum to such
an extreme of A:T richness, it appears stronger than that oper-
ating in other systems that favor proline (and, to some extent,
disfavors asparagine) at phosphorylation sites. Whether the en-
richment of asparagine and hydrophobic amino acids in the P + 1
position in P. falciparum is a compensation for the loss of proline
and is required for a specific subset of kinases, or if these resi-
duesare simply tolerated, is unknown.Regardless, it seems likely
that these differences in motifs are associated with structural
differences in the active site of P. falciparum serine-threonine
kinases. Such a relationship between an asparagine in the
phosphorylation motif and specific structural properties of the
kinase active center has recently been argued for in yeast,
which also has a somewhat A:T-rich (60%) genome (Mok
et al., 2010).
The ability to compare phosphorylated proteins in two related
organisms that share similar (intracellular) lifestyles not only
increased the confidence in the individual data concerning spe-
cific proteins but also the trends that were seen in both. For
example, ontological analysis of proteins and phosphoproteins
involved either in general or parasite-specific processes re-
vealed phosphorylated surface proteins were underrepresented
in both cases, suggesting that these proteins might not require
regulation by phosphorylation. We also observed significant
underrepresentation of phosphorylation in mitochondrial and
apicoplast proteins, which could reflect their relatively recent
bacterial origin, as proposed by Gnad and colleagues (Gnad
et al., 2010).Cell HostSurprisingly, we identified a substantial number of phosphor-
ylated parasite proteins that are found outside the parasites’
boundaries. Both parasites export or inject proteins beyond their
own plasma membrane, either to facilitate acquisition of nutri-
ents, remodel the host cell for immune evasion, or perform other
as yet unknown functions. How the parasites regulate these
processes has not been determined, but within the Toxoplasma
data set, 50 proteins with a predicted signal peptide showed
substantially more phosphorylation in the infected cell prepara-
tions than in purified parasites, strongly suggesting that their
phosphorylation occurs upon or soon after secretion into the
host cell. Some of these secreted phosphoproteins are pre-
dicted kinases whose activity might be regulated by phosphory-
lation; for the majority, however, their function is unknown,
although their likely introduction into the host cell clearly argues
for a role in the crosstalk between the infecting organism and
the host.
The kinases responsible for the phosphorylation of secreted
proteins could be host cell enzymes, perhaps acting as a mech-
anism of defense against infection. Alternatively, the parasites
could be using their own or host kinases to actively regulate
the function of their exportome. Toxoplasma also is known to
export several active kinases into the host cell cytosol (Boot-
hroyd and Dubremetz, 2008), and one or more of these could
be responsible for at least some of the phosphorylation de-
scribed here, in addition to their role in modifying host proteins
(Fentress et al., 2010; Ong et al., 2010; Steinfeldt et al., 2010;
Yamamoto et al., 2009).
For parasite phosphoproteins that occupy the lumen of the PV,
it is most likely that parasite kinases are responsible for the phos-
phorylation, as host cell proteins are generally thought to be
excluded from this compartment (Mordue et al., 1999). ROP
kinases, which localize to the PV membrane, are candidates
for this activity, although recent evidence suggests that they
are facing into the host cytosol, not the PV lumen (El Hajj et al.,
2007; Reese and Boothroyd, 2009). One of Toxoplasma’s
‘‘ROP’’ kinases (ROP21) has been shown to be targeted to the
PV independent ofROP trafficking and thuscould have adifferent
orientation and catalyze phosphorylation in the PV lumen (Peix-
oto et al., 2010).
We also identified a large number of exported proteins ofP. fal-
ciparum that are phosphorylated. The presence of at least 20
P. falciparum kinases that are thought to be exported into the
host cell (Nunes et al., 2007) suggests that this parasite, too,
may have evolved the ability to use phosphorylation as a means
of regulating protein function beyond its own plasmamembrane.
This is likely to be a feature of many organisms, parasitic and
otherwise, that have adopted an intracellular lifestyle, and the
data sets described here represent an important entre´e into
determining molecular details underlying such functions.
EXPERIMENTAL PROCEDURES
See also Supplemental Experimental Procedures.
Sample Preparation and Mass Spectrometry
All parasite samples were lysed in 8 M urea lysis buffer, followed by trypsin
digestion, SCX chromatography, and IMAC phosphopeptide enrichment
(Ville´n and Gygi, 2008). Samples were analyzed in duplicate via LC-MS/MS,
and the resulting spectra were searched against the respective parasite& Microbe 10, 410–419, October 20, 2011 ª2011 Elsevier Inc. 417
Cell Host & Microbe
Phosphoproteomes of Plasmodium and Toxoplasmaprotein database concatenated with reversed decoy sequences using the
SEQUEST algorithm (Eng et al., 1994). Phosphorylation sites were localized
using the Ascore algorithm (Beausoleil et al., 2006), and the data set was
filtered using the target-decoy strategy (Elias and Gygi, 2007, 2010) for phos-
phorylation site FDRs <1% and a protein FDR <3%. The proteome data sets
were filtered for peptide FDRs <1% and protein FDRs <3%.
Phosphorylation Motif Analysis
The ratio of frequencies was calculated by (frequency of residues in the phos-
phor-13-mers / frequency of residue in total proteome) or (frequency of resi-
dues in phosphor-13-mers / frequency of residues in the nonphospho-13-
mers) and plotted as the log2 ratio. Data used for calculating the amino acid
frequency around mouse phosphorylation sites were retrieved from Huttlin
et al., 2010. The position-specific heatmap was generated by plotting the
log10 of the ratio of frequencies. Motif-x search was performed to identify
statistically significant phosphorylation motifs (Schwartz and Gygi, 2005).
Identification of Secreted Phosphoproteins
Peptide-spectrum matches (PSMs) were combined on the protein level and
used for comparing abundance of a given protein or phosphoprotein. Proteins
were filtered for aminimal number of spectral counts of 5 for intracellular phos-
phoproteins. The ratio of intra- versus extracellular counts was calculated, and
aminimum fold change of 2 (intracellular/extracellular) was set as the threshold
for inclusion into the outlier list.
ACCESSION NUMBERS
All identified peptides and phosphorylation sites have been deposited in the
Eukaryotic Pathogen databases PlasmoDB (http://www.plasmodb.org) and
ToxoDB (http://www.toxodb.org).
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
Supplemental References, two figures, and five tables and can be found
with this article online at doi:10.1016/j.chom.2011.09.004.
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